Lambda (1405) photoproduction based on chiral unitary model by Nakamura, S. X. & Jido, D.
ar
X
iv
:1
31
0.
57
68
v2
  [
nu
cl-
th]
  3
 Fe
b 2
01
4
Λ(1405) photoproduction based on chiral unitary model
S.X. Nakamura1, ∗ and D. Jido2
1Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto, 606-8502, Japan
2Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
Abstract
Recent CLAS data for the piΣ invariant mass distributions (line-shapes) in the γp → K+piΣ
reaction are theoretically investigated. The line-shapes have peaks associated with the Λ(1405)
excitation. Our model consists of gauge invariant photo-production mechanisms, and the chiral
unitary model that gives the rescattering amplitudes where Λ(1405) is contained. It is found that,
while the piΣ line-shape data in the Λ(1405) region are successfully reproduced by our model for all
the charge states, the production mechanism is not so simple that we need to introduce parameters
associated with short-range dynamics to fit the data. Our detailed analysis suggests that the
nonresonant background contribution is not negligible, and its sizable effect shifts the Λ(1405)
peak position by several MeV. We also analyze the data using a Breit-Wigner amplitudes instead
of those from the chiral unitary model. We find that the fitted Breit-Wigner parameters are closer
to the higher pole position for Λ(1405) of the chiral unitary model. This work sets a starting point
for a fuller analysis in which line-shape as well as K+ angular distribution data are simultaneously
analyzed for extracting Λ(1405) pole(s).
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I. INTRODUCTION
The pole structure of the Λ(1405) resonance is a key issue to understand the nature of
Λ(1405) and the K¯N interaction. Because Λ(1405) decays exclusively into the πΣ channel
with I = 0 by the strong interaction, a signal associated with Λ(1405) is expected to be
observed in the πΣ invariant mass distributions (to be referred to as “line-shape”) of certain
Λ(1405) production reactions.
In old bubble chamber experiments, bumps associated with the Λ(1405) excitation have
been observed in the πΣ line-shapes of hadron induced reactions, such as π−p → K+πΣ
[1], K−p → π−π+πΣ [2] and K−d → nπ+Σ− [3]. The observed bumps in the first two
experiments are consistent with the Λ(1405) resonance at 1405 MeV, while the reaction
with a deuteron target found the Λ(1405) resonance at 1420 MeV. Recently, the π0Σ0 line-
shape for the Λ(1405) energies was also measured in hadronic reactions, such as K−p →
π0π0Σ0 with 514-750 MeV/c kaon momenta by Crystal Ball Collaboration [4], and pp →
pK+Λ(1405) with 3.65 GeV/c proton beam at COSY-Ju¨lich [5].
Although there have been several data for the Λ(1405) spectrum from the hadron beam
experiments as mentioned above, the quality of the data is still not sufficient for extract-
ing Λ(1405) pole(s). The situation has been changed by recent photon-beam experiments.
The first photoproduction of the Λ(1405) resonance was observed at SPring 8 by LEPS
collaboration in the γp → K+πΣ reaction with the photon energy of 1.5-2.4 GeV [6, 7].
In this experiment, the π−Σ+ and π+Σ− line-shapes were measured, and they were found
to be different from each other, owing to the interference between the I = 0 resonant and
I = 1 non-resonant contributions. A high statistics, wide angle coverage experiment for the
γp → K+πΣ reaction was performed at Jefferson Laboratory by the CLAS collaboration,
for center-of-mass energies 1.95 < W < 2.85 GeV [8, 9]. In this experiment, all the three
charge states of the πΣ channels were simultaneously observed in the γp scattering for the
first time, and the differential cross sections were measured for the πΣ line-shape and for
the K+ angular distribution. This is the cleanest data that cover the kinematics of Λ(1405)
excitation, which encourages theorists to seriously work on extracting the Λ(1405) pole(s)
from data for the first time. Very recently the spectral shape of Λ(1405) has been also
observed in electroproduction in the range of 1.0 < Q2 < 3.0 (GeV/c)2 [10].
The coupled-channel approach based on the chiral effective theory (chiral unitary model)
suggests that the Λ(1405) resonance is composed of two poles located between the K¯N
and πΣ thresholds [11] and these states have different masses, widths and couplings to the
K¯N and πΣ channels. One pole is located at 1426 − 16i MeV with a dominant coupling
to K¯N , while the other is sitting at 1390 − 66i MeV with a strong coupling to πΣ [12].
These two states are generated dynamically by the attractive interaction in the K¯N and πΣ
channels with I = 0 [13]. Because the Λ(1405) resonance is composed of two states which
have different weight to couple with K¯N and πΣ, the spectral shape of the πΣ line-shape
in the Λ(1405) region depends on how Λ(1405) is produced, as pointed out in Ref. [12].
Reference [12] predicts that the Λ(1405) resonance in the K¯N → πΣ channel has a peak
at 1420 MeV with a narrower width because the higher pole strongly couples to the K¯N
channel. The study of Ref. [14] showed that, in the K−d → nπΣ reaction, Λ(1405) is
dominantly produced by K¯N , and the πΣ line-shape has a peak at 1420 MeV as seen in the
old bubble chamber experiment [3].
It is important to confirm the two-pole structure by analyzing the new CLAS data, and if
so, it will be interesting to see how the two-pole structure plays a role in the πΣ line-shape.
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In order to extract the Λ(1405) resonance pole(s) from the production data, we develop a
model that consists of production mechanism followed by the final state interaction (FSI);
Λ(1405) is excited in the FSI. Through a careful analysis of the data, we can pin down the
production mechanism as well as the scattering amplitude responsible for the FSI. Then the
Λ(1405) pole(s) will be extracted from the scattering amplitude. Such an analysis of the
new CLAS data has been done in Refs. [15, 16] using a simple production mechanism.
In this work, we focus on the photoproduction of Λ(1405) in γp→ K+πΣ, and investigate
the new CLAS data for the πΣ line-shape [8]. The first study of the reaction was done in
Ref. [17], in which a simple diagram was considered for the Λ(1405) production mechanism
and the Λ(1405) is described by the chiral unitary approach. Related calculations were also
done in Refs. [18, 19]. Although the calculation of Ref. [17] was to get a rough estimate
of the cross sections, in the advent of the fairly precise data, it is necessary to develop
a quantitative model to extract the Λ(1405) properties from the data. In this work, we
extend and refine the model of Ref. [17] by considering more production mechanisms that
are gauge invariant at the tree-level. We consider relevant meson-exchange mechanisms, and
contact terms that simulate short-range mechanisms. We explain details of the model, and
successfully fit the CLAS data with it. Then we discuss a role played by each mechanism,
effects of non-resonant contributions, and a possibility of a single-pole solution of Λ(1405).
By doing so, we set a starting point for a full analysis in which we simultaneously analyze
the data for line-shape [8] and the K+ angular distribution [9] to study the pole structure of
Λ(1405). Such a full analysis is left to a future work. We expect the K+ angular distribution
data are an important information to pin down the production mechanism.
The rest of this paper is organized as follows: We give a detailed description of our
model in Sec. II. Then we show numerical results and discuss them in Sec. III, followed by a
summary in Sec. IV. Expressions for Lagrangians and photo-production operators, and also
model parameters are collected in Appendices.
II. MODEL
A. Kinematics and cross section formula
First we define kinematical variables. We consider the γ(q)+p(p)→ K+(k)+π(kpi)+Σ(p′)
reaction in which the variables in the parentheses are four-momenta for the particles in the
total center-of-mass system. The differential cross section for the reaction is derived following
a standard procedure, and given as
dσ =
MpMΣλ
1/2(s,M2piΣ, m
2
K+)λ
1/2(M2piΣ,M
2
Σ, m
2
pi)
512π5s(s−M2p )MpiΣ
∑
spin
|TK+piΣ,γp|2dMpiΣdΩkdΩ∗p′ , (1)
where Mp, MΣ, mK+ and mpi are the masses of the proton, Σ, K
+ and π, respectively, and
the Ka¨llen function is denoted by λ(x, y, z). The symbol s is the squared total energy of the
system, and is related to the four-momenta by s = W 2 = (q + p)2 = (k + kpi + p
′)2, while
the invariant mass of the πΣ subsystem is M2piΣ = (kpi+p
′)2. The kinematical variables with
asterisk stand for the quantities in the πΣ center-of-mass system. The summation of spin
and polarization states in initial and final particles are indicated by
∑
spin; the average factor,
1/4, for the initial states is already included in the factor of the formula. All information
about the dynamics is encoded into the reaction amplitude TK+piΣ,γp in Eq. (1), and is
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discussed in detail in the next subsection. The line-shape of the πΣ spectrum is obtained
by integrating Eq. (1) over the angular part of ~p′∗ and ~k, and given as
dσ
dMpiΣ
=
∑
spin
∫
dΩkdΩ
∗
p′
MpMΣλ
1/2(s,M2piΣ, m
2
K+)λ
1/2(M2piΣ,M
2
Σ, m
2
pi)
512π5s(s−M2p )MpiΣ
|TK+piΣ,γp|2 . (2)
B. Photo-production mechanism
As stated in the introduction, we describe the γp→ K+πΣ reaction by a set of tree-level
mechanisms for γp→ K+MjBj (MjBj : a set of meson and baryon) followed byMjBj → πΣ
rescattering. We use an index j = 1, ..., 10 to specifyMjBj = K
−p, K¯0n, π0Λ, π0Σ0, ηΛ, ηΣ0,
π+Σ−, π−Σ+, K+Ξ−, K0Ξ0, respectively. Thus the reaction amplitude introduced in Eq. (1),
T j ≡ TK+MjBj ,γp, is given by
T j =
∑
α
V jα + T
j
R , (3)
where V jα is a tree-level photo-production mechanism. In the next paragraph, we specify
the tree mechanisms that go into our calculation. The summation of α runs over all of the
tree-level photoproduction mechanisms included in our calculation. Contribution from the
rescattering is denoted by T jR. The rescattering amplitude is calculated with a partial wave
expansion with respect to the relative motion of MjBj , and (J, L) = (1/2, 0) and (1/2, 1)
partial waves are considered; J and L are the total and orbital angular momenta for MjBj.
The partial wave amplitude is given, with the on-shell factorization, by
T jR;JL =
∑
α
∑
j′
T jj
′
JL (M
2
piΣ)G
j′
α (M
2
piΣ) V
j′
α;JL , (4)
where T jR;JL and V
j
α;JL are partial wave amplitudes of T
j
R and V
j
α , respectively, and are
calculated with the on-shell momenta of relevant particles. More details about the partial
wave expansion, including the relation between T jR;JL and T
j
R, are given in Appendix A. For
the Mj′Bj′ →MjBj scattering amplitudes T jj′JL , we use those from the chiral unitary model
given in Ref. [20] for (J, L) = (1/2, 0) wave, and in Ref. [21] for (J, L) = (1/2, 1) wave. The
(J, L) = (1/2, 0) wave contains Λ(1405) as double poles, while the (J, L) = (1/2, 1) wave
does not include any resonance and provide a smooth background. It is turned out that the
contribution from the (J, L) = (1/2, 1) wave rescattering is small. We use the meson-baryon
Green function, Gjα, calculated with the dimensional regularization as follows:
Gjα(s) =
2MBj
16π2
{
ajα(µ) + ln
M2Bj
µ2
+
M2Mj −M2Bj + s
2s
ln
M2Mj
M2Bj
+
q¯j√
s
[
ln(s− (M2Bj −M2Mj ) + 2q¯j
√
s) + ln(s+ (M2Bj −M2Mj ) + 2q¯j
√
s)
− ln(−s+ (M2Bj −M2Mj ) + 2q¯j
√
s)− ln(−s− (M2Bj −M2Mj ) + 2q¯j
√
s)
] }
, (5)
where MBj and MMj are the masses of a baryon Bj and a meson Mj , respectively, and
we use the values listed in the Particle Data Group [22] for the masses. The relative on-
shell momentum of MjBj corresponding to s is denoted by q¯j . The symbol a
j
α(µ) is the
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FIG. 1. The gauged Weinberg-Tomozawa terms.
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FIG. 2. The gauged Born terms. From the upper row to lower row, K+ and M are exchanged.
subtraction constant for the regularization scale µ, and we set µ = 630 MeV for all channels.
The subtraction constants can depend on a channel j as well as a production mechanism α;
we will come back to this point at the end of this section.
We consider gauge-invariant tree-level photo-production mechanisms (V jα ) as follows:
minimal substitution to the lowest order chiral meson-baryon interaction such as the
Weinberg-Tomozawa terms (Fig. 1) and the Born terms (Fig. 2); vector-meson exchange
mechanisms (Fig. 3). Thus, for specifying each mechanism α, we use the label for each
figure in Figs. 1-3 so that α =1(a), 1(b), .., 3(k). These photo-production mechanisms are
expanded in terms of 1/MB, and O(1) and O(1/MB) terms are considered in our calculation.
Explicit expressions for V jα , as well as our model Lagrangians from which V
j
α are derived, are
shown in Appendix B and C. Coupling constants contained in V jα of Figs. 1-3 are fixed either
by data (other than γp→ K+πΣ) if possible, or by SU(3) relation if poorly constrained by
data. More details about the couplings are given in Appendix B.
p B
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+ +K*−
K +
+ +V K ++
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+ M
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+
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B
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FIG. 3. The vector-meson (V ) exchange terms. From the first row to second row, K+ and M are
exchanged.
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TABLE I. Classification of production mechanisms. The meson-exchange mechanisms shown in
Figs. 1-3 and three contact terms c1-c3 are classified into 11 groups labeled by A,B,...,K. Each
group has its own subtraction constants ajα′(µ) in Eq. (5).
A B C D E
α 2(a)-(d),3(a),c1, c2, c3 1(a),(c),(e) 1(d) 1(b) 2(h)-(j)
F G H I J K
α 2(k)-(n) 2(e),(g) 2(f) 3(b)-(d) 3(e)-(h) 3(i)-(k)
With the meson-exchange production mechanisms and the subtraction constants (ajα(µ)
in Eq. (5)) taken as the same as those in the chiral unitary amplitudes, we cannot reproduce
the πΣ line-shape data for the γp → K+πΣ reaction from the CLAS [8]. Therefore, it
is inevitable to introduce adjustable degrees of freedom to fit the data. Thus all of the
meson-exchange mechanisms V jα are multiplied by a common form factor of the following
form: (
Λ2
Λ2 + k∗2
)(
Λ2
Λ2 + k∗2j
)
, (6)
where k∗ and k∗j are respectively the momenta of K
+ and Mj in the center-of-mass frame
of MjBj . The cutoff Λ will be used to fit the data. In addition, we also consider phe-
nomenological contact terms that can simulate mechanisms not explicitly considered, such
as, in particular, N∗ and Y ∗ excitation mechanisms. We take couplings for the contact
terms W -dependent (W : total energy of the system), and will be determined by fitting the
γp→ K+πΣ data [8]. We consider three types of contact terms that are gauge-invariant at
the tree-level, and are couple to K+K¯N and K+πΣ states of different charges, and thus we
have 15 complex couplings at each W . Expressions for the contact terms are presented in
Eqs. (C56)-(C58) in Appendix. Also, for the mechanism index α, we write α = c1, c2, c3, as
in Eqs. (C56)-(C58). The form factor of Eq. (6) is not applied to the contact terms.
The subtraction constants ajα(µ) included in Eq. (5) are also adjusted to fit the data,
thereby changing the interference pattern between different production mechanisms. As
already stated, ajα(µ) can depend on the production mechanism α =1(a), 1(b), .., 3(k),
c1, c2, c3. However, some of α’s should have the same value for ajα(µ). Also, we do not want
to have too many free parameters from the subtraction constants, because it will compli-
cate fitting the data. Thus we classify the production mechanisms into several groups, and
each group has its own real subtraction constant. In grouping, we try to classify important
mechanisms into different groups so that we have effective freedom in fitting. In TABLE I,
we show the classification of the mechanisms into 11 groups labeled by A,B,...,K. The sub-
traction constant for each group is denoted by ajα′(µ) where α
′ refers to one of the groups,
A,B,...,K. Then ajα′(µ) will be used to fit the data [8]. It is noted that we do not adjust the
subtraction constants in the chiral unitary amplitudes in the fit. The subtraction constants
we adjusted are all for the first loop of the rescattering, and for the renormalization of the
production mechanism.
For the number of data points to be fitted, we now have rather many free parameters most
of which are from contact terms. We find that this amount of degrees of freedom is necessary
to obtain a reasonable fit to the data. This situation can be understood, considering that
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we do not explicitly consider short-range mechanisms (baryon resonances, coupled-channel
effects) that will play a substantial role here. Because it will be a very difficult task to
identify and/or fix each of the short-range mechanisms, we develop the production model
in a practical manner as discussed above. Of course, our method could bring a model-
dependence of Λ(1405) pole(s) extracted from the data. The model-dependence of Λ(1405)
pole(s) must be assessed by analyzing the data with different form factors and/or contact
terms. This will be a future work.
III. RESULT
A. Fitting data
Before presenting our results, we comment on the calculated quantity to be fitted to the
line-shape data from CLAS [8]. In the data analysis done by CLAS in Ref. [8], enhanced
events due to the K∗ peak in the πK+ invariant mass spectrum has been subtracted. In our
model, a mechanism of Fig. 3(i) without rescattering can create the K∗ peak. Thus we fit
the data with the following modified differential cross section:
dσ
dMpiΣ
(full)− dσ
dMpiΣ
(V piΣ3(i)) , (7)
where dσ
dMpiΣ
(full) contains all of the meson-exchange mechanisms and contact terms followed
by the rescattering as discussed in Sec. II B, and is calculated using Eq. (2). Meanwhile, the
second term dσ
dMpiΣ
(V piΣ3(i)) contains only the tree-level mechanism of Fig. 3(i). The subtraction
in Eq. (7) is done at the cross section level, and the interference between the mechanism of
Fig. 3(i) and others is kept to be consistent with the analysis of Ref. [8].
We present all numerical values for the fitting parameters (the cutoff from the form
factor, the subtraction constants, and the complex couplings from the contact terms) in
Appendix D.
B. Line-shape results
Our results, after the fit, are presented in Fig. 4 where the CLAS data are also shown
for comparison. We fitted the data at W = 2.0, 2.1, 2.2 and 2.3 GeV. As seen in the figure,
our model fits the data very well for all three different charge states of πΣ.
It is interesting to break down the line-shapes into contributions from different mech-
anisms, as shown in Fig. 5. As seen in the figures, different mechanisms gives significant
contributions that interfere with each other. We find that the contributions from the gauged
Weinberg-Tomozawa terms (Fig. 1) are rather small. In fact, a diagram such as Fig. 1(e) gives
a contribution comparable to those from the gauged Born mechanisms (Fig. 2). However,
as a result of a destructive interference, the net contribution from the gauged Weinberg-
Tomozawa terms is rather small. This destructive interference is not necessarily a result
of the gauge invariance. Actually, a dominant term in Fig. 1(e) is gauge invariant itself.
Rather, fitting the data have fixed relevant subtraction constants so that the diagrams in
Fig. 1 with the rescattering cancel out each other. We find relatively large contributions from
mechanisms of Fig. 1(e), 2(b), 2(e), 2(i), 2(l), 3(b), 3(f), that have two propagators rather
than three in the other mechanisms; the propagators tend to suppress the contributions of
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FIG. 4. (Color online) Comparison of piΣ line-shapes from our model with data [8] at W = 2.0,
2.1, 2.2 and 2.3 GeV. Symbols for the data are cross (red) for pi−Σ+, circle (blue) for pi0Σ0, and
square (green) for pi+Σ−.
the mechanisms. Meanwhile, the contact terms, which simulate short-range dynamics, also
give a large contribution to bring the theoretical calculation into agreement with the data.
As seen in TABLE IV, the contact terms have a rather strong coupling to the K¯N channels
as a result of the fit. One may find in TABLE IV that the W -dependence of the contact
couplings is rather irregular, and is not well under control. However, we note that the con-
tact terms can have a resonant behavior. Also, in Fig. 6, we show the W -dependence of the
most important contact couplings, λj1 and λ
j
2 for j = K
−p and K¯0n. From the figure, it is
hard to judge if the behavior of the couplings is out of control. As will be discussed later,
however, we would be able to put them under better control if we fit not only the line-shape
data but also other observables such as angular distributions. This will be a future work.
Finally, we mention that coupled-channels effects are mostly from the K¯N and πΣ channels.
The difference in the line-shape between different charge states observed in Fig. 4 is a
result of the interference between different isospin states. The πΣ has three isospin states
(I = 0, 1, 2), and they are separately shown in Fig. 7. A dominant contribution is from the
I = 0 state as expected due to the Λ(1405) peak. The higher mass pole at 1426− 16i MeV,
that creates the prominent bump in the line-shapes, seems to play more important role than
the lower mass pole. This is because the production mechanisms in our model generate K¯N
more strongly than πΣ, and the final state interaction induces K¯N → πΣ. As shown in the
previous study [12], the higher mass pole couples to the K¯N channel more strongly than the
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FIG. 5. (Color online) Contribution of each production mechanism. Contribution from the
gauged Weinberg-Tomozawa terms (Fig. 1) is given by the blue dashed lines. Contribution that
additionally includes the gauged Born terms (Fig. 2) is given by the green dotted lines. Contribution
that further includes the vector-meson exchange terms (Fig. 3) is given by the black dash-dotted
lines. Finally, the full result, including the contact terms, is shown by the red solid lines.
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FIG. 7. (Color online) Isospin decomposition of piΣ line-shapes. Contributions from the total
isospin state I are shown, along with the line-shape of pi0Σ0 multiplied by 3.
lower mass pole does. The I = 1 state gives a smaller contribution, still plays an important
role to generate the charge dependence of the πΣ line-shapes. As the energy W increases,
the I = 1 contribution is larger. The I = 2 state contribution is even more smaller, but still
unnegligible. To see this point, we show in Fig. 7 the π0Σ0 line-shape multiplied by 3. The
difference between this and the I = 0 line-shape is the effect of the interference between the
I = 0 and I = 2 states. We can see that the interference with the I = 2 state even changes
slightly the peak position of the π0Σ0 line-shape.
The different peak positions for differently charged πΣ states seen in Fig. 4 can be also
understood as a result of the interference between a resonant and a background parts. To see
this, it is useful to decompose the amplitude into the resonant (second term of Eq. (3)) and
background (first term of Eq. (3)) parts. Each of the contributions to γp→ K+πΣ at W =
2.0 GeV is shown in Fig. 8. Interestingly, the background terms give smooth and significant
contributions. Although the peak structures are due to the resonant contributions, the
background can shift the positions of the peaks, particularly the peak of the π0Σ0 line-
shape. After all, the resonant contributions give the peaks at almost the same position,
MpiΣ ∼ 1.42 GeV, for all the differently charged πΣ states. Thus it seems that one of the
Λ(1405) poles at 1426−16i MeV plays a dominant role in the line-shapes. We will look into
this observation in the next subsection.
C. Single Breit-Wigner model
So far, the excitation of Λ(1405) is described by the chiral unitary model, and Λ(1405)
has the double-pole structure. However, as seen above, only the higher mass pole seems
to give the dominant contribution. Thus, it is interesting to see if a single Breit-Wigner
can simulate the photo-induced Λ(1405) excitation. For this purpose, we use a model in
which the rescattering amplitude, T jj
′
JL in Eq. (4), is given by, instead of the chiral unitary
amplitude, a single Breit-Wigner function in (J, L) = (1/2, 0) and isospin zero partial wave;
the other rescattering partial waves amplitudes are set to zero. Here we assume that the
rescattering amplitude couples to only K¯N and πΣ channels. Thus we have
T jj
′
1/2,0(s) =
CBWjj′√
s−MBW + iΓBW2
, (8)
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FIG. 8. (Color online) Contribution of background (BG) and resonant (RES) terms. Contribution
of the background contribution is from first term of Eq. (3) while the resonant contribution is from
second term of Eq. (3). Coherent sum of ’BG’ and ’RES’ is given by ’FULL’, and is compared with
data [8].
where MBW and ΓBW are Breit-Wigner mass and width, respectively. A symbol C
BW
jj′ is
a complex coupling strength, and will be fitted to the data, along with the Breit-Wigner
mass, width and other fitting parameters. Because of being isospin zero, CBWjj′ have three
independent complex values that we denote CBWK¯N,K¯N , C
BW
K¯N,piΣ, and C
BW
piΣ,piΣ: C
BW
K¯N,K¯N is
for (j, j′) = (1 or 2, 1 or 2); CBWK¯N,piΣ is for (j, j
′) or (j′, j) = (4 or 7 or 8, 1 or 2); CBWpiΣ,piΣ is for
(j, j′) = (4 or 7 or 8, 4 or 7 or 8). We have defined the index j at the beginning of Sec. II B.
Our Breit-Wigner form of Eq. (8) is more relaxed than the conventional one in which the
coupling strengths are related to the width by ΓBW =
∑
j δ(
√
s − √sj)CBWjj , where the
summation is taken over both channels and their particles’ phase-space. In this way, we
can simulate non-resonant effects that are not considered explicitly in the rescattering am-
plitude. The single Breit-Wigner model is fitted to the data and is shown with the data in
Fig. 9. The fitted parameters are presented in tables in Appendix D. Although the quality
of the fit is a little worse than the previous model with the chiral unitary amplitude (Fig. 4),
still it is an acceptable level. Thus, the line-shape data for γp → K+πΣ only do not rule
out the possibility of single pole solution for Λ(1405). The fit gives MBW = 1412 MeV and
ΓBW = 67 MeV that are close to the middle of the two poles from the chiral unitary ampli-
tude, but still closer to the higher mass pole than to the lower one. As seen in TABLE V,
the Breit-Wigner amplitude couples strongly (weakly) to the K¯N (πΣ) channel, which is
also similar to the character of the higher mass pole of Λ(1405) in the chiral unitary model.
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FIG. 9. (Color online) Comparison of piΣ line-shapes from single Breit-Wigner model with data [8]
at W = 2.0, 2.1, 2.2 and 2.3 GeV. See also the caption in Fig. 4.
D. K+ angular distribution
So far, we fitted only the πΣ line-shape data for the γp → K+πΣ reaction. We found
that fitting only the πΣ line-shape data can lead to several solutions whose quality of the fit
to the line-shape data are comparable. However, they can have very different K+ angular
distribution. Therefore, K+ angular distribution data will be useful information to constrain
the production mechanism. Recently the CLAS Collaboration reported data for the K+
angular distributions [9]. In Figs. 4-8, we actually presented the πΣ line-shapes from the
model that givesK+ angular distributions relatively close to the new data of Ref. [9]. Here we
use the same model to calculate the K+ angular distributions, and show them in Fig. 10. At
W = 2.2 GeV, our model captures overall trend of the data. However, for the γp→ K+π0Σ0
reaction at W = 2.0 GeV, there is a sharp rise in the data at cos θ ∼ 0 while rather smooth
behavior is found in the calculated counterpart. We actually tried fitting the K+ angular
distributions data, but this sharply rising behavior cannot be fitted with the current setup.
It seems that we need to search for a mechanism that is responsible for this behavior. We
leave such a more detailed analysis of the K+ angular distribution to a future work.
IV. SUMMARY
We calculated the πΣ line-shapes of the photoproduction process γp→ K+πΣ. This was
motivated by the recent CLAS collaboration’s report [8] that found peaks due to Λ(1405)
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FIG. 10. (Color online) Comparison of the K+ angular distributions for γp → K+piΣ at W =
2.0, 2.2 GeV with data from the CLAS [9]. See also the caption in Fig. 4.
excitation in the πΣ line-shapes. We employed the scattering amplitudes from the chiral
unitary model to describe the final state interaction where the Λ(1405) is excited. For
the tree-level photo-production mechanisms, we introduced a gauge invariant model that
consists of the gauged Weinberg-Tomozawa terms, the gauged Born terms and the vector-
meson exchange terms. We also introduced freedom to fit the data such as contact terms
modelling short-range dynamics like baryon resonances, and subtraction parameters that
can be different from those determined in the chiral unitary model. These are necessary to
reproduce the πΣ line-shape data from the CLAS. This implies that the mechanism for the
Λ(1405) photo-production is not so simple that the several important terms interfere. It is
noted that we do not adjust any parameters (subtraction constants, couplings) of the chiral
unitary amplitudes in the fit.
Our model reproduces the πΣ line-shape data quite well. Breaking down the calculated
πΣ line-shape into contributions from each production mechanism, we found that the con-
tribution from the gauged Weinberg-Tomozawa terms is not so important due to rather de-
structive interference between the terms. More important contributions are from the born
and vector-meson exchange terms. In addition, the short range contact terms give large
contributions to reproduce the πΣ line-shape data. We also decomposed the calculated πΣ
line-shapes into the resonant and nonresonant parts for each charge state of the πΣ channels.
We found that even though the resonant part dominates the spectra and generates the peak
structure, the nonresonant background contribution is not so negligible and its sizable effect
shifts the Λ(1405) peak position. The direction of the shift is a consequence of complicated
interference of many terms and it is hard to pin down the main mechanism for the shift.
One can say that it is not the case that the shift is solely caused by an interference between
the I = 0 and I = 1 components, because one can see the shift of the peak position also in
the π0Σ0 channel.
We also made a check of the Λ(1405) amplitude obtained by the chiral unitary model.
We refitted the πΣ line-shape data with a single Breit-Wigner amplitude for the Λ(1405)
amplitude instead of those from the chiral unitary model. The quality of the fit is fairly
good, indicating that the πΣ line-shape data alone do not rule out a one-pole solution for
Λ(1405). We found that the Breit-Wigner mass and width obtained by the fit are closer to
the higher pole position of the Λ(1405) in the chiral unitary model. Also the Breit-Wigner
amplitude strongly couples to the K¯N channel, sharing the similar property of the higher
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mass pole. This implies that, in the model including the chiral unitary amplitude, the higher
Λ(1405) resonance pole plays a more important role for the photoproduction.
In future work, we will simultaneously analyze data for the πΣ line-shape and the K+
angular distribution, and then extract Λ(1405) pole(s). We presented the K+ angular dis-
tribution from the current model obtained by fitting only the line-shape data. Although
our model captures overall behavior of the data in many cases, there is also a qualitative
difference that cannot be fixed by fitting with the current setup. Identifying a mechanism
that can fill the difference will be a challenge in the future work. Also an important task
is to address a model-dependence of the extracted Λ(1405) pole(s) because we are using a
rather phenomenological production mechanisms. This can be done by using contact terms
and/or form factors of different forms.
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Appendix A: Partial wave expansion
We summarize a partial wave expansion of an amplitude for the γ + p → K+ +M + B
(M : meson; B: baryon) reaction in the center-of-mass system of MB, with respect to the
relative motion of MB. We denote the amplitude by T and its partial wave TJL where J
and L are total and orbital angular momenta of MB, respectively. Here we show equations
for the partial waves relevant to this work; L = 0, 1.
The relation between TJL and T for (J , L)=(1/2,0) is
TJL =
1
4π
∫
dΩ
kˆM
T (A1)
where kM is the momentum for M and kˆM = kM/|kM |. For (J , L)=(1/2,1), we have
TJL =
1
4π
∫
dΩ
kˆM
σ · kˆM T , (A2)
and for (J , L)=(3/2,1),
TJL · n = 1
4π
∫
dΩkˆM 3S · nˆS† · kˆM T , (A3)
where n is an arbitrary vector. The operator S† (S) is a baryon spin transition operator
from spin 1/2 to 3/2 (3/2 to 1/2), and it can be expressed by
S · aS† · b = 2
3
a · b− i
3
σ · a× b . (A4)
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With the partial wave amplitudes TJL defined above, the original amplitude T is written as
T = T1/2,0 + T1/2,1σ · kˆM + T3/2,1 · kˆM + (higher partial waves) . (A5)
A partial wave expansion of production potentials [V jα in Eq. (3)] can be done in the same
manner, leading to V jα;JL in Eq. (4).
Appendix B: Model Lagrangians
We present a set of Lagrangians from which we derive photo-production mechanisms
graphically shown in Figs. 1-3. We follow the convention of Bjorken-Drell. We use symbols
B, M , V and A to denote octet baryon, octet meson, nonet vector meson, and electro-
magnetic fields, respectively. Also, we use curly symbols to denote creation or annihilation
operators. For example, B is the annihilation operator contained in B, and its normalization
is 〈0|B|B〉 = 1.
1. Hadronic interactions
We work with the lowest order chiral Lagrangian for the octet pseudoscalar mesons (M)
coupled to the octet 1/2+ baryons (B), as given by 1
Lχ = 〈B¯iγµ∇µB〉 −MB〈B¯B〉
+
1
2
D
〈
B¯γ5γ
µ {uµ, B}
〉
+
1
2
F
〈
B¯γ5γ
µ [uµ, B]
〉
, (B1)
where the symbol 〈 〉 denotes the trace of SU(3) flavor matrices, MB is the baryon mass and
∇µB = ∂µB + [Γµ, B] ,
Γµ =
1
2
(u†∂µu+ u ∂µu
†) ,
U = u2 = exp(i
√
2M/f) , (B2)
uµ = iu
†∂µUu
† .
For the couplings D and F , we use D = 0.85, F = 0.52, and f = 1.15fpi with fpi = 93 MeV.
The meson and baryon fields in the SU(3) matrix form are
M =


1√
2
π0 + 1√
6
η π+ K+
π− − 1√
2
π0 + 1√
6
η K0
K− K¯0 − 2√
6
η

 , (B3)
B =


1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ

 . (B4)
1 When B, V , and M are enclosed by the trace brackets, they are SU(3) matrix. Otherwise, they are
understood to be one of particles contained in the SU(3) matrix elements. The same applies to the curly
symbols for those fields.
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From Eq. (B1), we will particularly use the BBMM interaction, as contained in the covariant
derivative, given by
LBBMM =
〈
B¯iγµ
1
4f 2
[(M ∂µM − ∂µMM)B − B(M ∂µM − ∂µMM)]
〉
, (B5)
and also use the BBM interaction, as in D and F terms, as
LBBM = −
√
2goctPS
(
αPS
〈
B¯γ5γ
µB∂µM
〉
F
+ (1− αPS)
〈
B¯γ5γ
µB∂µM
〉
D
)
, (B6)
where goctPS = (D + F )/(2f) and αPS = F/(D + F ), and we have introduced the traces 〈〉F
and 〈〉D defined by 〈
B¯BM
〉
F
=
〈
B¯[M,B]
〉
(B7)〈
B¯BM
〉
D
=
〈
B¯{M,B}
〉
− 2
3
〈
B¯B
〉
〈M〉 . (B8)
We will also use a notation defined by〈
B¯BM
〉
S
=
〈
B¯B
〉
〈M〉 . (B9)
From here, we discuss interactions involving the nonet vector mesons. In the SU(3) matrix
form, the vector meson nonet is given by
V =


1√
2
ρ0 + 1√
2
ω ρ+ K∗+
ρ− − 1√
2
ρ0 + 1√
2
ω K∗0
K∗− K¯∗0 φ

 , (B10)
where the ideal mixing between the neutral vector mesons is assumed. With the matrix, the
VMM interactions we use are
LVMM = −i
√
2g 〈Vµ(∂µMM −M∂µM)〉 , (B11)
where the coupling g is related to the ρππ coupling by gρpipi = 2g, and we use gρpipi = 6.0
determined from the ρ → ππ decay width. The vector part of the BBV interactions are
given by
LvBBV = −
√
2goctV
(
αV
〈
B¯γµBVµ
〉
F
+ (1− αV )
〈
B¯γµBVµ
〉
D
)
− g
sin
V√
3
〈
B¯γµBVµ
〉
S
. (B12)
We use the coupling constants goctV = g = gρNN , and αV = 1 from the universality as-
sumption. The relative phase between the VMM and BBV interactions is also fixed by
the universality. We also use gsinV =
√
6 goctV , so that gφNN = 0 and gωNN = 3gρNN . The
BBV interactions also contain the tensor coupling, as seen in the common expressions for
the ρNN and ωNN interactions:
LρNN = −gρNN
(
N¯γµτN · ρµ − κρ
2Mp
N¯σµντN · ∂νρµ
)
, (B13)
LωNN = −gωNN
(
N¯γµNωµ − κω
2Mp
N¯σµνN∂νωµ
)
, (B14)
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where Mp is the proton mass. We use κρ = 2 and κω = 0, based on an average of πN and
γN reaction models [23]. The tensor couplings for the other vector mesons are fixed using
the SU(3) relation for the magnetic coupling, and an explicit expression will be given later
in Eq. (B30). The BBVM interactions are given by
LBBVM = 2igoctV goctPS
(
αPS
〈
B¯γ5γ
µB[M,Vµ]
〉
F
+ (1− αPS)
〈
B¯γ5γ
µB[M,Vµ]
〉
D
)
. (B15)
The V VM interactions we use are based on the hidden local symmetry model [24], and are
given by
LV VM = g2Cǫαβγδ 〈∂αVβ∂γVδM〉 , (B16)
where C = −3/(2√2π2f), and we use the convention, ǫ0123 = +1.
2. Electromagnetic interactions
The photon coupling to the baryonic current is given by
LγBB′ = −eB¯
[
QBB′ 6A− κBB
′
2Mp
σµν(∂νAµ)
]
B′ . (B17)
The symbol QBB′ is the electric charge (in unit of e = |e|) of a baryon B for B = B′,
but zero otherwise. The anomalous magnetic moment is denoted by κBB′ for which we use
experimental values listed in the Particle Data Group [22] 2.
The photon coupling to the pseudoscalar meson current is given by
Lγpipi = −ie
[
π−∂µπ+ − (∂µπ−)π+
]
Aµ , (B18)
LγKK = −ie
[
K−∂µK+ − (∂µK−)K+
]
Aµ . (B19)
The minimal substitutions (∂µ → ieAµ[Q, ]) to theBBMM [Eq. (B5)] andBBM [Eq. (B6)]
interactions respectively give
LγBBMM = − e
4f 2
〈
B¯γµ {(M [Q,M ]− [Q,M ]M)B − B(M [Q,M ]− [Q,M ]M)}
〉
Aµ ,
(B20)
and
LγBBM = −ie
√
2goctPS
(
αPS
〈
B¯γ5γ
µB[Q,M ]
〉
F
+ (1− αPS)
〈
B¯γ5γ
µB[Q,M ]
〉
D
)
Aµ , (B21)
where Q is the quark charge matrix Q = diag(2/3,−1/3,−1/3).
The electromagnetic interactions involving the vector mesons are due to the U(1) axial
anomaly, and are given by
LγV M = gγVMǫ
αβγδM∂αAβ∂γVδ . (B22)
The couplings gγVM are determined by experimental V → γM decay widths [22], and the
relative phases are fixed by the SU(3) relation. The numerical values for gγVM are given in
TABLE II. 3
2 The magnetic moment for Σ0 has not been measured, and we use a quark model prediction [22]. We also
use the quark model to fix the sign for κΛΣ0 .
3 Although we find |gγφpi0 | = 0.04 GeV−1 from data, the SU(3) predicts it to be zero, and we cannot find
its phase. In this work, we set it to be zero.
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TABLE II. Coupling constants for LγVM given in Eq. (B22).
γVM γK∗±K∓ γK∗0K¯0 γK¯∗0K0 γωη γωpi0 γρ0η γρ0pi0 γρ±pi∓ γφη γφpi0
gγVM (GeV
−1) 0.254 −0.388 −0.388 0.169 0.736 0.565 0.234 0.221 0.216 0
3. Matrix elements and coupling constants
In this subsection, we evaluate matrix elements of the Lagrangians defined above, in order
to introduce a coupling constant for a given set of incoming and outgoing particles. The
coupling constants will be used to write down the photoproduction amplitudes in the next
section. We will often use an index i (or j) = 1, ..., 10 to specify a pair of meson and baryon,
MiBi = K
−p, K¯0n, π0Λ, π0Σ0, ηΛ, ηΣ0, π+Σ−, π−Σ+, K+Ξ−, K0Ξ0, respectively. Also we
denote four-momenta for Mi and Bi as ki and pi, respectively.
The matrix element of the BBMM interaction defined in Eq. (B5) is given by
〈Bj(pj)Mj(kj)|LBBMM |Bi(pi)Mi(ki)〉 =
√√√√ MBiMBj
4EBiEBjEMiEMj
Cji
4f 2
u¯Bj(pj)( 6kj+ 6ki)uBi(pi) ,
(B23)
where the energy for a particle x is denoted by Ex(px) =
√
p2x +M
2
x where Mx is the mass
of x; the values of Mx are from Ref. [22]. The couplings Cji are tabulated in TABLE 1 of
Ref. [25]. The matrix element of the BBM interaction defined in Eq. (B6) is given with a
coupling constant DjB as
〈Bj(pj)Mj(kj)|LBBM |B(p)〉 = i
√√√√ MBMBj
2EBEBjEMj
D
MjBj
B u¯Bj (pj)γ5 6kjuB(p) , (B24)
with
D
MjBj
B = D
j
B = −
√
2goctPS 〈BjMj |
(
αPS
〈
B¯BM
〉
F
+ (1− αPS)
〈
B¯BM
〉
D
)
|B〉 . (B25)
Similarly, the matrix elements of the VMM , BBV , BBVM , and V VM interactions defined
respectively in Eqs. (B11), (B12), (B15) and (B16) are given below:
〈M(k)M ′(k′)|LVMM |V (kV )〉 = −gVMM ′(kµ − k′µ)ǫVµ
1√
8EVEMEM ′
, (B26)
where ǫVµ is the polarization vector for the vector meson V , and
〈B′(p′)|LBBV |B(p)V (kV )〉 = −
√
MBMB′
2EBEB′EV
gV BB′ u¯B′(p
′)
(
γµ + i
κV BB′
2MB
σµνk
ν
V
)
ǫµV uB(p) ,
(B27)
〈Bj(pj)Mj(kj)|LBBVM |B(p)V (kV )〉 = i
√√√√ MBMBj
4EBEBjEVEMj
g
MjBj
V B u¯Bj (pj) 6ǫV γ5uB(p) ,(B28)
〈V ′(kV ′)M(k)|LV VM |V (kV )〉 = gV V ′MǫαβγδkαV ′ǫβV ′kγV ǫδV
1√
8EVEV ′EM
, (B29)
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where we have introduced the coupling constants, gVMM ′ , gV BB′ , κV BB′ , g
MjBj
V B (= g
j
V B) and
gV V ′M , and they are related to the parameters in the original Lagrangians through equations
similar to Eq. (B25).
Finally, the tensor couplings for the vector mesons (κV BB′) are fixed using the SU(3)
relation for the magnetic coupling (GmV BB′ = gV BB′(1 + κV BB′)), as given by
GmB1B2V1 = 〈B2|
[
−
√
2goctm
(
αmV
〈
B¯BV
〉
F
+ (1− αmV )
〈
B¯BV
〉
D
)
− g
sin
m√
3
〈
B¯BV
〉
S
]
|B1V1〉 ,
(B30)
where we use goctm = −9, gsinm = −8.82, and the static SU(6) value, αmV = 0.4.
Appendix C: Tree-level photoproduction amplitudes
We present expressions for our tree-level photo-production amplitudes for γ(q) + p(p)→
K+(k) +Mj(kj) +Bj(p
′) where the four-momentum for each particle is given in the paren-
theses. The expressions are gauge invariant for O(1) and O(1/MB) terms. The final state
is specified by the index j introduced in the previous section. We denote each amplitude
by V jx where the label x = 1(a), 1(b), ... specifies the mechanism by referring to the diagram
with the same label in Figs. 1-3. In what follows, kinematical variables (momentum, energy,
polarization vector) are understood be those in the MjBj center-of-mass system, and omit
∗ that has been used in Eqs. (1) and (2) for simplicity. All coupling constants appearing in
the expressions have been defined in Appendix B.
First we introduce building blocks, F1, ..., F4, to express V
j
x in a concise manner:
F1 =
Mp
Ep(p + q)
1
q + Ep(p)− Ep(p+ q)
(
p+ (p+ q)
2Mp
+ i
(1 + κp)(σ × q)
2Mp
)
· ǫ , (C1)
F2 =
(
QBj
(p′ − q) + p′
2MBj
+ i
(QBj + κBj )(σ × q)
2Mp
)
· ǫ
× MBj
EBj (p
′ − q)
1
Ep(p)−EK+(k)−EMj (kj)− EBj (p′ − q)
, (C2)
F3 =
(k − (q − k)) · ǫ
(q − k)2 −M2K+
, (C3)
F4 =
(kj − (q − kj)) · ǫ
(q − kj)2 −M2Mj
, (C4)
where the electric charge of a particle x in unit of e is denoted by Qx. The polarization
vector of the photon is denoted by ǫ. The squared momenta in the denominators of F3 and
F4 are Lorentz scalar.
1. Gauged Weinberg-Tomozawa terms
With the minimal substitution to the Weinberg-Tomozawa terms, the resulting photo-
production amplitudes shown in Fig. 1 are given by the following expressions:
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V j1(a) = e
Cj1
4f 2
[
(k0j − k0) +
1
2MB
{
(k − kj)2 + 2ik × kj · σ
}]
F1
−eCj1
4f 2
1
2MB
(kj − k + iσ × (kj − k)) · ǫ , (C5)
V j1(b) = e
Cj1
4f 2
F2
[
(k0j − k0) +
1
2MB
{(k − kj) · (k − kj − 2q) + 2ik × kj · σ}
]
−eQBj
Cj1
4f 2
1
2MB
(kj − k − iσ × (kj − k)) · ǫ , (C6)
V j1(c) = e
Cj1
4f 2
[
k0j + k
′0 +
1
2MB
{
(k′ + kj)
2 + 2i(kj × k′) · σ
}]
F3 , (C7)
V j1(d) = eQMj
Cj1
4f 2
[
k0 + k
′0
j −
1
2MB
{
(k − kj − q) · (k + k′j) + 2i(k′j × k) · σ
}]
F4 , (C8)
V j1(e) = −e
Cj1
4f 2
(QM1 +QMj)
1
2MB
(k − q − kj + iσ × (q − k − kj)) · ǫ . (C9)
The baryon mass MB in O(1/MB) terms is set to MB = Mp in actual numerical calculation.
Momenta for intermediate mesons in Eqs. (C7) and (C8) are k′ = q − k, k′j = q − kj,
respectively. The last terms in Eqs. (C5) and (C6) are, in the time-ordered perturbation,
due to the propagation of the anti-baryons. For channels where Bj = Λ or Σ
0, the mechanism
of Fig. 1 (b) contains the Λ-Σ0 mixing mechanism, and the following term needs to be added
to Eq. (C6):
V j1(b) = e
(
i
κΛΣ0(σ × q)
2Mp
)
· ǫ MBj′
EBj′ (p
′ − q)
1
Ep(p)− EK+(k)− EMj(kj)−EBj′ (p′ − q)
×Cj′1
4f 2
[
(k0j − k0) +
1
2MB
{(k − kj) · (k − kj − 2q) + 2ik × kj · σ}
]
, (C10)
where we have used a channel index j′ to indicate Bj′ = Λ(Σ0) for Bj = Σ0(Λ) andMj′ =Mj .
2. Gauged Born terms
For convenience, we introduce some building blocks as follows:
O1 = σ · kj
(
1 +
k0j
2MB
)
, (C11)
O2 = σ · k
(
1− k
0
2MB
)
+
k0
MB
σ · q , (C12)
O3 = σ · k
(
1− k
0
2MB
)
+
k0
MB
σ · kj , (C13)
O4 = σ · kj
(
1 +
k0j
2MB
)
− k
0
j
MB
σ · (k − q) , (C14)
SY
0
1 =
1
q + Ep(p)− EK+(k)− M˜Y 0
, (C15)
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SY
0
2 =
MY 0
EY 0(p− k)
1
Ep(p)− EK+(k)− EY 0(p− k)
, (C16)
SBx3 =
MBx
EBx(p+ q − kj)
1
q + Ep(p)−EMj (kj)− EBx(p+ q − kj)
, (C17)
SBx4 =
MBx
EBx(p− kj)
1
Ep(p)−EMj (kj)− EBx(p− kj)
, (C18)
where Y 0 is either Λ or Σ0. The quantity M˜Y 0 is a ’bare’ mass, and we use it only in S
Y 0
1 .
The p-wave rescattering following SY
0
1 renormalize the bare mass to give the physical mass.
Because we use the p-wave scattering amplitude from Ref. [21], we also use the bare mass
from Ref. [21]; M˜Λ = 1078 MeV and M˜Σ0 = 1104 MeV. With the minimal substitution to
the Born terms, the resulting photo-production amplitudes shown in Fig. 2 are given by the
following expressions:
V j2(a) = e
∑
Y 0
DjY 0D
1
Y 0S
Y 0
1
[(
1− k
0
2MB
)
O1σ · kF1 + k
0
2MB
σ · kjσ · ǫ
]
, (C19)
V j2(b) = e
∑
Y 0
DjY 0D
1
Y 0S
Y 0
1 O1σ · ǫ , (C20)
V j2(c) = −e
∑
Y 0
DjY 0D
1
Y 0S
Y 0
1
(
1 +
k′0
2MB
)
O1σ · k′F3 , (C21)
V j2(d) = e
∑
Y 0
DjY 0S
Y 0
1

D1Y 0κY 0 SY 02 + ∑
Y 0′ 6=Y 0
D1Y 0′κΛΣ0 S
Y 0
′
2

O1iσ × q · ǫ
2Mp
O2 , (C22)
V j2(e) = eQMj
∑
Y 0
DjY 0D
1
Y 0S
Y 0
2 σ · ǫO2 , (C23)
V j2(f) = −eQMj
∑
Y 0
DjY 0D
1
Y 0S
Y 0
2 F4
{
σ · k′j +
k′0j
2MB
σ · (kj + q)
}
O2 , (C24)
V j2(g) = e
∑
Y 0
DjY 0D
1
Y 0S
Y 0
2 F2
{(
1 +
k0j
2MB
)
σ · kj +
k0j
MB
σ · q
}
O2
−eQBj
∑
Y 0
DjY 0D
1
Y 0S
Y 0
2
k0j
2MB
σ · ǫσ · k , (C25)
V j2(h) = e
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
3 O3
{(
1 +
k0j
2MB
)
σ · kj −
k0j
MB
σ · k
}
F1
−e ∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
3
k0j
2MB
σ · kσ · ǫ , (C26)
V j2(i) = eQMj
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
3 O3σ · ǫ , (C27)
V j2(j) = −eQMj
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
3 O3
{(
1− k
′0
j
2MB
)
σ · k′j −
k′0j
MB
σ · (k − q)
}
F4 , (C28)
V j2(k) = e
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
3 O3
(
QBx
(k − kj − q) + (k − kj)
2MBx
+ i
(QBx + κBx)σ × q
2Mp
)
· ǫSBx4 O4
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−e ∑
Bx
QBxD
K+Bj
Bx D
Mjp
Bx
[
SBx3
k0j
2MB
σ · kσ · ǫ + SBx4
k0
2MB
σ · ǫσ · kj
]
, (C29)
V j2(l) = e
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
4 σ · ǫO4 , (C30)
V j2(m) = −e
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
4 F3
{(
1 +
k′0
2MB
)
σ · k′ + k
′0
MB
σ · kj
}
O4 , (C31)
V j2(n) = e
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
4 F2
{(
1− k
0
2MB
)
σ · k + k
0
MB
σ · (q + kj)
}
O4
−eQBj
∑
Bx
D
K+Bj
Bx D
Mjp
Bx S
Bx
4
k0
2MB
σ · ǫσ · kj , (C32)
where the summation
∑
Bx runs over the octet baryons contained in Eq. (B4). We do not
consider Λ-Σ0 mixing mechanism due to the anomalous magnetic moment in Eqs. (C29) and
(C32) because (i) it contributes to unimportantK+Ξ− channel in Eq. (C29); (ii) contribution
of Eq. (C32) is rather small.
3. Vector meson exchange terms
We introduce some building blocks as follows to construct V jx in this subsection:
O5(a) =
(
a0q · (q − a)− q0a · (q − a)
)
σ · ǫ+
(
q0σ · a− a0σ · q
)
(q − a) · ǫ , (C33)
O6(a) = i
(
q0σ × a− a0σ × q
)
· ǫ , (C34)
O7 =
{
σ · (q − k − kj)−
q0 − k0 − k0j
2MB
σ · (k − q − kj)
}
×i
(
q0k × kj + k0kj × q + k0jq × k
)
· ǫ , (C35)
where a is a four-vector. We also define the following propagators:
SK
∗
5 =
1
(q − k)2 −M2K∗ + iMK∗ΓK∗
, (C36)
SX6 =
1
(q − k − kj)2 −M2X + iMXΓX
, (C37)
SV7 =
1
(q − kj)2 −M2V + iMV ΓV
, (C38)
SV8 =
1
(k + kj)2 −M2V + iMV ΓV
, (C39)
where X is a vector or pseudoscalar meson, and V is a vector meson. The mass of a particle
X is denoted by MX , and its width by ΓX for which we use the values from the PDG [22].
For pseudoscalar particles, the width is set to zero. We also define
JB =
p+ p′
2MB
+ i
(1 + κV pBj )σ × (p′ − p)
2MB
, (C40)
J01 = kj × (k − q) · JB , (C41)
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J1 = kj × (k − q) + k0j (k − q)× JB + (q0 − k0)kj × JB , (C42)
J02 = k × (kj − q) · JB , (C43)
J2 = k × (kj − q) + k0(kj − q)× JB + (q0 − k0j )k × JB . (C44)
Thus, the photo-production amplitudes due to vector meson exchanges shown in Fig. 3 are
given by the following expressions:
V j3(a) = gγK∗−K+
∑
Y 0
gK∗−pY 0D
j
Y 0S
Y 0
1 S
K∗
5 O1
{(
1 +
k′0
2MB
)
iq × k · ǫ+ 1 + κK∗−pY 0
2MB
O5(k)
}
+gγK∗−K+
∑
Y 0
gK∗−pY 0D
j
Y 0S
K∗
5
k0j
2MB
O6(k) , (C45)
V j3(b) = igγK∗−K+g
j
K∗−pS
K∗
5
{
k0σ × q − q0σ × k + σ · (k − q − kj)
2MB
q × k
}
· ǫ , (C46)
V j3(c) = gγK∗−K+
∑
Bx
gK∗−BxBjD
MjBx
p S
Bx
4 S
K∗
5
×
[{(
1 +
q0 − k0
2MB
)
iq × k + q
0
MB
ikj × k − k
0
MB
ikj × q
}
· ǫ+ 1 + κK∗−BxBj
2MB
O5(k)
]
O4
+gγK∗−K+
∑
Bx
gK∗−BxBjD
MjBx
p S
K∗
5
k0j
2MB
O6(k) , (C47)
V j3(d) = −2 gγK∗−K+
∑
Mx
gK∗−MxMjD
Mxp
Bj
SK
∗
5 S
Mx
6 O7 , (C48)
V j3(e) =
∑
V,Bx
gγVMjgV pBxD
K+Bj
Bx S
Bx
3 S
V
7 O3
×
[{(
1 +
q0 + k0j
2MB
)
iq × kj + q
0
MB
ikj × k +
k0j
MB
ik × q
}
· ǫ+ 1 + κV pBx
2MB
O5(kj)
]
+
∑
V,Bx
gγVMjgV pBxD
K+Bj
Bx S
V
7
k0
2MB
O6(kj) , (C49)
V j3(f) = i
∑
V
gγVMjg
K+Bj
V p S
V
7
{
k0jσ × q − q0σ × kj +
σ · (k − q − kj)
2MB
q × kj
}
· ǫ , (C50)
V j3(g) =
∑
V,Y 0
gγVMjgV Y 0BjD
K+Y 0
p S
Y 0
2 S
V
7
{(
1 +
q0 + k0j
2MB
)
iq × kj · ǫ +
1 + κV Y 0Bj
2MB
O5(kj)
}
O2
+
∑
V,Y 0
gγVMjgV Y 0BjD
K+Y 0
p S
V
7
k0
2MB
O6(kj) , (C51)
V j3(h) = 2
∑
V,Mx
gγVMjgVMxK+D
Mxp
Bj
SV7 S
Mx
6 O7 , (C52)
V j3(i) = −2
∑
V,Mx
gγVMxgVK+MjD
Mxp
Bj
SV8 S
Mx
6 O7 , (C53)
V j3(j) = gγK∗−K+
∑
Vx
gK∗−VxMjgVxpBjS
K∗
5 S
Vx
6
(
−q0k × J1 + k0q × J1 + J01k × q
)
· ǫ , (C54)
V j3(k) =
∑
V,Vx
gγVMjgV VxK+gVxpBjS
V
7 S
Vx
6
(
−q0kj × J2 + k0jq × J2 + J02kj × q
)
· ǫ . (C55)
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FIG. 11. Nucleon (hyperon) resonance exchange diagrams. The diagrams (b), (c), (k), (l), and
(m) are obtained from Figs. 2 (b), (c), (k), (l), and (m), respectively, by replacing the intermediate
nucleons (hyperons) with nucleon (hyperon) resonances of JP = 1/2+.
4. Contact terms
We present expressions for contact terms for γ + p→ K+ +Mj +Bj .
V jc1 = λ
j
1
(
σ · kjσ · ǫ− σ · kjσ · q (2k − q) · ǫ
(k − q)2 −M2K+
)
, (C56)
V jc2 = λ
j
2
(
σ · ǫσ · kj − σ · qσ · kj (2k − q) · ǫ
(k − q)2 −M2K+
)
, (C57)
V jc3 = λ
j
3 i(σ × q) · ǫ , (C58)
where λjn (n = 1, 2, 3) are complex coupling constants that depend on the total energy of
the whole system. Each term in Eqs. (C56)-(C58) is gauge invariant at O((1/MB)0). A
microscopic origin of the V jc1 term can be represented by diagrams shown in Figs. 11 (b) and
(c) where a hyperon resonance, Λ∗ or Σ0∗, of JP = 1/2+ (J :spin, P :parity) is exchanged.
The corresponding expression is given, retaining O((1/MB)0) terms, as
V j11(b)+11(c) =
∑
Y ∗
CY
∗
11(b)+11(c)
σ · kjσ · ǫ− σ · kjσ · k′ (2k−q)·ǫ(k−q)2−M2
K+
q + Ep(p)− EK+(k)−MY ∗ + iΓY ∗/2 , (C59)
where MY ∗ and ΓY ∗ are the mass and width of the exchanged hyperon resonance, respec-
tively. The constant CY
∗
11(b)+11(c) is the product of coupling constants of K
+pY ∗, MBY ∗
and e (electric charge). We can derive Eq. (C56) by putting the denominator and coupling
together into the W -dependent complex coupling λj1. Equation (C57) can be derived in a
similar way from the diagrams of Figs. 11 (l) and (m), and Eq. (C58) from Figs. 11 (k); for
the latter, only the gauge-invariant piece, a term proportional to i(σ × q) · ǫ, is retained.
Even though the contact terms of Eqs. (C56)-(C58) can be related to the microscopic mech-
anisms shown in Fig. 11, by fitting data, they also effectively simulate other mechanisms
not explicitly considered in our model.
Appendix D: Fitting parameters
We present numerical values for parameters obtained from fitting the data. For the model
in which the chiral unitary amplitudes are implemented, they are shown in TABLE III-IV.
Also, the cutoff value for the form factor of Eq. (6) obtained from the fit is Λ = 511 MeV.
For the model in which the Brit-Wigner amplitudes (Eq. (8)) are implemented, the deter-
mined parameters are presented in TABLE V-VII. Also, the cutoff value for the form factor
of Eq. (6) is Λ = 560 MeV.
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TABLE III. The subtraction constants, ajα′(µ) (α
′=A,B,...,K), defined in Eq. (5) for the chiral-
unitary-based model. The index α′ has been introduced in TABLE I. While the quoted values are
from the chiral unitary model and are fixed, the others are determined by fitting the data.
j A B C D E F G H I J K
K¯N “−1.84” −0.49 1.38 1.52 −0.83 1.23 −2.12 −1.66 0.39 −0.06 1.58
piΣ “−2.00” 1.44 1.39 −1.69 −0.99 0.56 −1.05 −1.55 −2.52 −0.80 −0.36
TABLE IV. Coupling constants, λjn (n = 1, 2, 3), defined in Eqs. (C56)-(C58) for the chiral-
unitary-based model. They are determined by fitting the data at each value of the total energy
W .
W=2.0 GeV W=2.1 GeV
j λj1 λ
j
2 λ
j
3 λ
j
1 λ
j
2 λ
j
3
K−p 18.6 +18.6i 90.7 +49.4i 1.1 −0.1i 7.5 +17.5i 2.2 +7.3i 1.1 −0.0i
K¯0n 6.2 +55.9i 85.7 +177.9i 0.2 +0.7i 1.7 +6.2i −3.1 +5.9i −0.1 +0.3i
pi0Σ0 3.4 +0.8i 0.4 +0.0i 0.0 +0.7i −0.2 −4.4i 0.6 −1.0i 0.1 +0.2i
pi+Σ− 0.2 +1.5i 0.4 −0.1i 0.7 −0.0i −1.3 −0.7i 0.1 +0.0i 0.5 +0.4i
pi−Σ+ 9.3 +0.5i 3.4 +0.1i 0.1 +0.2i 1.2 −4.7i 2.3 +0.4i 0.2 +0.2i
W=2.2 GeV W=2.3 GeV
j λj1 λ
j
2 λ
j
3 λ
j
1 λ
j
2 λ
j
3
K−p 10.7 +12.1i −1.5 −5.6i 0.5 +0.1i 7.3 +4.4i −51.4 −52.4i 0.5 +0.2i
K¯0n 3.2 +12.8i 19.4 +57.4i 0.9 +0.2i −1.8 +4.3i 1.2 +66.7i 0.0 −0.1i
pi0Σ0 −1.7 −1.9i −1.7 +0.5i 0.3 +0.1i −0.5 −2.5i 1.0 −0.4i 0.2 −0.1i
pi+Σ− −1.1 +0.2i −0.0 +0.0i 0.4 −0.3i −1.9 +0.7i 0.0 −0.1i 0.0 +0.4i
pi−Σ+ 4.3 −3.9i 1.1 +0.5i 0.1 +0.0i 1.6 −3.5i 1.3 +1.9i 0.1 +0.2i
A few notes are in order: The subtraction constants for channels other than K¯N and
πΣ are set to the values used in chiral unitary amplitudes; The subtraction constants in the
chiral unitary amplitudes are not adjusted in the fit; the contact terms of Eqs. (C56)-(C58)
couple to K¯N and πΣ channels only.
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